heme. We recorded proton NMR spectra to investigate the possibility that the degree of high-spin content is increased by deletion of an axial His-ron coordination. 'H NMR data indicate that each of the single-mutant heme-Hx complexes is predominantly low-spin, perhaps owing to coordination of the heme iron by the Thr side-chain oxygen or water oxygen coordinating to the iron.
Heme in tissues and circulation can be toxic when interacting with oxygen by way of radical formation (see review in ref. 1; ref. 2) . The abundant plasma 81-glycoprotein hemopexin (Hx) binds heme in an equimolar ratio with an exceptionally high affinity. The dissociation constant (Kd) of heme-Hx is <10-13 M (3), the highest affinity ofany known characterized heme-binding protein (4) . Hx serves two functions as a heme transporter: scavenging of circulating heme for iron conservation (5, 6 ) and prevention of oxidative tissue damage caused by heme-catalyzed radical formation (7, 8) .
Human plasma Hx consists of a single polypeptide chain containing 439 amino acid residues and has a molecular mass of 60 kDa, 20o of which is carbohydrate (9) . Human Hx is cleaved after limited digestion by trypsin into two homologous domains, of which the N-terminal domain binds heme (10) , as is likewise found for rabbit Hx (11) .
The identity of the amino acids coordinating heme binding of Hx has not been firmly established. It has been suggested that two His side chains act as heme axial ligands of Hx, according to results obtained by electron paramagnetic resonance (12, 13) , magnetic circular dichroism (14) , 1H NMR studies (15) and chemical (16) and photochemical (17) modifications. Even protoporphyrin IX is bound by Hx with a Kd of 10-6 M (18, 19) , although this porphyrin lacks the central iron. Two histidines, presumably acting as axial ligands, may be essential for the exceptionally high affinity that Hx has for heme. The protein whose His residues were modified (16, 17) retained a reduced ability to bind heme.
There are five conserved His residues in the N-terminal domain of human and rat Hx. Two of them, His-56 and His-127, are located in a particularly highly conserved region and are, therefore, the most likely candidates for heme axial ligands (20) . His-56 and His-127 of rabbit Hx were also suggested as heme iron-coordinating residues according to homology analysis, chemical modification, and antibody binding data (21) .
A combination of site-directed mutagenesis and functional (heme binding assay) analyses should be particularly useful to investigate whether these His residues are the heme iron axial ligands of human Hx and whether they contribute energetically to the stability of the complex. Because Hx is an extensively glycosylated protein, only eukaryotic systems can be used that provide sufficient posttranslational modifications to afford heme binding. Initial attempts to express human Hx in an Escherichia coli system produced a nonglycosylated protein that was unable to bind heme (T.S., H.S., and U.M.-E., unpublished data).
In 7.4 [equilibration buffer for Con A-agarose (Sigma)] at 4°C overnight. The sample was then loaded onto a Con A-agarose column and bound proteins were eluted with 0.3 M methyl a-D-mannoside in equilibration buffer. The final step was chromatography on SP-Sepharose fast flow (Pharmacia), using a linear gradient of 10-100 mM sodium citrate, pH 5.9 . Fractions containing the recombinant Hx were identified by Western blot analysis using anti-human Hx polyclonal antibody.
Heme Titration. Concentrations of recombinant Hx in 50 mM sodium phosphate buffer (pH 7.4), were determined spectrophotometrically using extinction coefficients of 118 mM-1'cm-1 at 280 nm for apo-Hx and of 131 mM-' cm-1 at 280 nm for heme-Hx (25) . Concentrations of heme, dissolved in 40% dimethyl sulfoxide, were determined spectrophotometrically by using an extinction coefficient (mM-1 cm-1) of 180 at 400 nm (26) .
Heme binding to the recombinant Hx was monitored by absorption spectroscopy in the Soret region and by fluores- (Fig. 4) . The absorption spectrum of the recombinant heme-Hx exhibited a peak at 413.5 nm, characteristic of heme-Hx purified from plasma (35 (20) . Selective carboxymethylation of His residues in the N-terminal domain of rabbit Hx (in the presence and the absence of mesoheme) showed that only two His residues, located in the peptides of 1-57 and 80-128, of the mesoheme-Hx complex remained unmodified. His-56 and His-127 were, therefore, suggested to be the heme iron-coordinated His residues (21) .
To examine whether His-56 and His-127, conserved in Hx of human (36) , rat (20) , and rabbit (21), were essential to the heme binding activity, we replaced them with Thr by sitedirected mutagenesis. His-82, not conserved in the rat protein, was also mutated because it was expected to have little or no effect on the heme binding of the recombinant Hx.
Conditioned media ofinsect cells expressing the mutant Hx proteins were analyzed by SDS/10% PAGE (Fig. SA) and Western blots with anti-human Hx polyclonal antibody (Fig.  5B) . The molecular masses ofthe mutants were identical with that of the recombinant wild-type Hx, 55 kDa. All the mutant and wild-type proteins were equally well recognized by anti-human Hx polyclonal antibody. The expressed mutants were purified as described above for the wild-type Hx.
Contributions of Histidines to the Heme Binding Function of lix. The heme binding activity of site-directed Hx mutants was assayed by spectrophotometry after the heme-Hx mixtures were passed through a DE52 column (Fig. 6) and H82T mutants show identical absorption spectra (spectrum A). The absorption peak at 413.5 nm of a H127T is decreased significantly (spectrum B). H56T/H127T shows no absorption peak at 413.5 nm (spectrum C).
nearly identical to that of the wild-type Hx. The Kd values of wild-type and mutant Hx proteins determined by fluorescence quenching (Fig. 7) were 3 x 10-8 M, 5 x 10-8 M, 4 x 10-8 M, 2 x 10-7 M, and 4 x 10-7 M for the wild type and the H56T, H82T, H127T, and H56T/H127T mutants, respectively. That the wild-type and mutant proteins display a lower affinity for heme than does plasma Hx [Kd < 10-13 M (3)] may be the result of tertiary structure differences caused by incomplete glycosylation or differences in glycosylation, or even lack of pivotal participation by specific glycosyl groups in the heme binding site. On the contrary, the further decrease in Kd for heme binding of the mutants including His-127 may be due to the unique His-iron coordination'.
1H NMR spectra are very sensitive to the axial ligation state in low-spin heme-proteins (37) . We have already reported that the pattern of hyperfine-shifted resonances of heme-Hx is species dependent (15) . Fig. 8 shows traces for the downfield' hyperfine-shifted portion of the spectra. The recombinant material (Fig. 8, nearly identical chemical shifts of the resonances shown in Fig. 8 , spectra A-E, indicate that the heme-iron complex is still largely low-spin (indicative of a six-coordinate heme iron). Many ofthese resonances arise from the heme methyls, as demonstrated with deuterated heme using the rabbit protein (15) . It is unfortunate that the exceedingly limited amount of material did not allow measurement of either T1 relaxation or linewidths (T2), which would have been diagnostic of the spin state. The linewidths in the His-127 mutant appeared to be larger, suggesting the presence ofan increased high-spin content (indicative of a five-coordinate heme iron). Under the assumption that both H'is-59 and His-127 coordinate the iron in heme-Hx purified from plasma, it may be that the Thr-for-His mutation allows for coordination of the Thr side-chain oxygen to the iron. It is also possible that a water oxygen is coordinated to the iron. The remaining His-iron bond may be so strong that interaction with an oxygen at the alternative axial coordination site is sufficient to give substantial low-spin character to the complex. This may be why heme binding is reduced so little in these mutants. Although a low-spin (predominantly S = 1/2) complex with oxygeniron coordination would be unusual, it has precedent when there is an appropriate electrostatic field provided by the protein matrix (38) . The spectra were recorded at room temperature and pH 7 with heme/Hx ratios < 1.0 to ensure that the spectrum was that of the complex. The Soret maximum is shifted to a shorter wavelength by 1 nm in spectra D and E, both of which represent mutants with His-127 changed to Thr. arb, Arbitrary units.
At present we have no explanation for why the chemical shift pattern remains so nearly constant in Fig. 8, spectra B-E. Only substitution of both His-56 and His-127 caused loss of the hyperfine-shifted resolved resonances between 32 and 12 ppm (Fig. 8, spectrum F ). Yet it is evident that heme is still bound to mutant His-127; even metal-free protoporphyrin IX is bound by Hx (18, 19) . The optical spectrum (Fig.  6, spectrum B) and the Kd values of the H127T mutant confirm that the heme is bound (Fig. 9, spectrum D) . At heme/Hx ratios <1, the Soret maximum is consistently at 413.5 nm, except for the mutants involving His-127, for which the Soret peak is shifted to higher energy by "1 nm (Fig. 9) .
These results indicate that His-127 may play a more pivotal role for binding of heme by Hx than does His-56. Alternatively, cyanide ion binds to the central iron of heme-Hx in a pseudo-first-order reaction, suggesting that cyanide ion competes with one of the iron-His interactions (39) . His-56 of human Hx may be the target of the cyanide ion. The tentative conclusion is drawn that mutation at His-56 causes no significant loss of heme binding activity in comparison to that of the wild type, whereas mutation of His-56 plus His-127 reduces the binding constant by a factor of -10. These data suggest that His-56 plays merely a supportive function. It appears that glycosylation may also play a role in heme binding.
The physiological functions of Hx are (i) scavenging of circulating free heme to prevent radical formation and (ii) heme transport to the liver for iron reutilization. As a heme scavenger, Hx needs to bind free heme rapidly and tightly, while as a transporter, Hx needs to release heme efficiently. It is likely that His-56 and appropriate glycosylation are important contributors for proper formation of the heme pocket of Hx. When Hx needs to release heme, conformational changes may occur that open the heme pocket of Hx. The lower affinity of His-56 for heme in combination with the higher affinity of His-127 might enable Hx, alternatively, to bind heme tightly, and to release it efficiently once the heme His-127 bond is destabilized.
